Initiation of DNA replication in Saccharomyces cerevisiae requires the binding of the origin recognition complex (ORC) to autonomously replicating sequences. Hs-ORC1, a recently identified human protein related to yeast Orc1p and Cdc6p/Cdc18p, may be a component of the replication initiation complex in human cells. We have independently isolated the gene for HsORC1 and begun to address its function in eukaryotic DNA replication and its relationship to Cdc18p. Although HsORC1 failed to rescue the temperature-sensitive S. pombe cdc18-K46 strain, overexpression in a wild-type strain led to continuous DNA synthesis in the absence of mitosis. Deletion mutagenesis identified a short N-terminal region of HsORC1 that contains potential phosphorylation sites for cyclin-dependent kinase (CDK) as being sufficient to induce re-replication. In addition, we found that HsORC1 is an efficient substrate for CDKs in vitro. We propose that perturbation of the re-replication control by overexpression of HsORC1 is due to a titration of components involved in inactivating Cdc18p upon initiation of replication.
Initiation of DNA replication in Saccharomyces cerevisiae requires the binding of the origin recognition complex (ORC) to autonomously replicating sequences. Hs-ORC1, a recently identified human protein related to yeast Orc1p and Cdc6p/Cdc18p, may be a component of the replication initiation complex in human cells. We have independently isolated the gene for HsORC1 and begun to address its function in eukaryotic DNA replication and its relationship to Cdc18p. Although HsORC1 failed to rescue the temperature-sensitive S. pombe cdc18-K46 strain, overexpression in a wild-type strain led to continuous DNA synthesis in the absence of mitosis. Deletion mutagenesis identified a short N-terminal region of HsORC1 that contains potential phosphorylation sites for cyclin-dependent kinase (CDK) as being sufficient to induce re-replication. In addition, we found that HsORC1 is an efficient substrate for CDKs in vitro. We propose that perturbation of the re-replication control by overexpression of HsORC1 is due to a titration of components involved in inactivating Cdc18p upon initiation of replication.
DNA replication is thought to initiate at discrete sites within the genome, termed replication origins. Replication origins have been localized within autonomously replicating sequence elements in the budding yeast Saccharomyces cerevisiae. ORC, 1 a complex of six proteins that binds to autonomously replicating sequence elements, is essential for cell viability and for DNA replication (1) . While replication origins are less clearly defined in other eukaryotes, the recent identification of ORC-related genes in Schizosaccharomyces pombe (2, 3) , Drosophila (4), Xenopus (5) , and humans (6 and the present report), indicates that the principles of initiation of DNA replication are conserved among eukaryotes.
Yeast replication origins exist in two chromatin states during the cell cycle that correspond with the binding of two different protein complexes (7) . Post-replicative complexes generate a genomic footprint pattern similar to purified ORC in vitro. Pre-replicative complexes are characterized by an additional region of protection which appears near the end of mitosis and persists through G 1 . It has recently been shown that the establishment of these pre-replicative complexes requires Cdc6p (8), a protein whose role in DNA replication was previously inferred from genetic and biochemical studies. In addition, Cdc6p has been shown to directly interact with the purified ORC (9) . It appears that the cell cycle-regulated interaction of Cdc6p with ORC sets replication origins into the pre-replicative state.
Cdc6p and its homolog in S. pombe, Cdc18p, are not only required for initiation of DNA replication in their cognate organisms, but overexpression of these proteins in fission yeast has been found to be sufficient to induce continuous DNA replication in the absence of mitosis (10, 11) . 2 Although the biochemical details of this phenomenon are not fully understood at present, the current data suggest that these potent activators of replication are subject to tight control in the normal cell cycle. For example, it has been shown that the cdc18 and CDC6 genes are transcribed only during a short period between mitosis and S phase, and that their gene products are highly unstable (10 -15) .
We have cloned the gene for HsORC1, a human protein related to Orc1p as well as Cdc18p/Cdc6p. For the initial characterization of HsORC1, we used S. pombe as a simple eukaryotic organism that has recently been successfully used to study the role of individual proteins in initiation and re-replication control (2, 10, 11, 16, 17 ). Here we demonstrate that overexpression of HsORC1 in fission yeast causes a re-replication phenotype similar to Cdc18p overexpression, indicating a common regulatory mechanism of these proteins.
EXPERIMENTAL PROCEDURES
Isolation of the HsORC1 cDNA and Plasmid Construction-A 2.5-kb HsORC1 cDNA was isolated from a HeLa UNI-ZAP XR phage cDNA library (Stratagene) screened with a 0.9-kb EcoRI/NotI restriction fragment containing the partially sequenced human cDNA clone 121313 which was obtained from the Lawrence Livermore National Laboratory I.M.A.G.E. Consortium. The 670 nucleotides lacking at the 5Ј-end of the HeLa cDNA clone were amplified by the polymerase chain reaction (PCR) using Marathon-Ready human spleen cDNA purchased from Clontech. The full-length sequence was submitted to the NCBI GenBank TM data base (accession number U43416). All yeast and mammalian expression plasmids containing the coding region of the HsORC1 cDNA were engineered by PCR. For expression in S. pombe, derivatives of the pREP3X and pREP41X plasmid were constructed which allowed transcription of cDNA inserts under the control of the thiamin-repressible nmt1 promoter. The pREP3X backbone vector was modified to encode the green fluorescent protein (GFP) to which the various cDNA inserts were fused at their 5Ј ends. Two point mutations (S65T, V163A) were introduced into GFP by sitedirected mutagenesis. An N-terminal c-Myc tag was introduced into the expression plasmid pcDNA3 which was used to express HsORC1 in mammalian cells. For the production of the bacterially expressed GST fusion protein, HsORC1 was cloned into pGEX4T3.
Yeast Strains and Methods-S. pombe strains used for overexpression of HsORC1 and cdc18 were all derived from the wild-type strain 972 h Ϫ . The h Ϫ cdc18K46 was crossed with a h ϩ leu1-32 strain in order to generate the cdc18K46 leu1-32 strain. Cells were grown at 25°C or 30°C in EMM supplemented with adenine and uracil. Cells were transformed with the lithium acetate method according to Moreno et al. (18) , and transformants were selected for leucine prototrophy on EMM * This work was supported by grants from the National Institutes of Health and the Council for Tobacco Research. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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plates devoid of leucine. Thiamin was added to a final concentration of 20 M to suppress expression from the nmt1 promoter. To induce expression, cells growing in liquid culture were harvested by centrifugation, washed three times with deionized water, and resuspended in supplemented EMM lacking thiamin. For flow cytometry, cells were fixed in 70% ethanol, washed, digested with RNase A, and stained with propidium iodide at a final concentration of 2 g/ml.
Cell Culture, DNA Transfection, and Immunofluorescence Staining-U2OS human osteosarcoma cells were grown in Dulbecco's modified Eagle's medium with 10% fetal calf serum on 18-mm coverslips and transfected by the calcium phosphate precipitation method as described previously (19) . 15-18 h after transfection, cells were fixed in 3% formaldehyde and processed for immunofluorescence staining with the antiMyc antibody 9E10 as described (19) . Slides were viewed under a Zeiss Axiovert 135TV confocal laser scanning microscope.
In Vitro Kinase Assays-Expression of cyclins and CDKs in BHK cells and kinase assays was performed as described (19) . The GSTHsORC1 fusion protein was expressed in BL21 pLysS and purified by affinity chromatography on glutathione-Sepharose (Pharmacia Biotech Inc.) as described in detail (20) .
RESULTS AND DISCUSSION
A homology search in the NCBI dbEST data base revealed a human cDNA fragment with homology to Orc1p, Cdc6p, and Cdc18p, which was used to isolate a full-length cDNA. The gene identified turned out to be identical to a cDNA that was recently isolated by Stillman and colleagues and named HsORC1 (6) . Consistent with the size of the full-length cDNA, a 3.2-kb HsORC1 message was detected in many human tissues, with highest levels found in the thymus, testes, and small intestine (Fig. 1A) . HsORC1 displays an overall amino acid identity of approximately 20% with Orc1p, which increases to 40% in a C-terminal domain between residues 503 and 735 (Fig. 1B) . This domain also exhibits 28% and 25% identity with Cdc18p and Cdc6p, respectively, and 19% identity with Sir3p, a protein involved in transcriptional silencing (21) . Further examination of the HsORC1 sequence shows two peptide motifs (G 537 VPGTGKT and D 620 E(I/L)D) common to nucleotide-binding proteins (22) that are conserved in Orc1p, Cdc18p, and Cdc6p (Fig. 1B) . In addition, three motifs are present in the N terminus that fit the (S/T)PX(K/R) consensus sequence for CDK phosphorylation sites.
To determine the subcellular localization of HsORC1, we expressed a c-Myc epitope-tagged construct in human U2OS osteosarcoma cells. Staining with a monoclonal c-Myc antibody revealed a distinct nuclear pattern characterized by a fine array of detergent-resistant foci which are excluded from the nucleoli (Fig. 1C) . This highly organized pattern suggests a tight and non-random association of HsORC1 with the nuclear chromatin similar to proteins present at sites of DNA replication (23, 24) .
Given the structural similarities between HsORC1 and Cdc18p, we investigated whether HsORC1 could complement a temperature-sensitive allele of cdc18. Full-length HsORC1 and two fragments encoding either the conserved C-terminal domain or the N terminus were expressed in the temperaturesensitive cdc18-K46 strain. As shown in Fig. 2 , HsORC1 was unable to suppress the lethality of the cdc18-K46 strain maintained at 36.5°C, irrespective of whether it was expressed at low levels from a pRep41 plasmid ( Fig. 2A) or at higher levels from a pRep3 plasmid (Fig. 2B) . In contrast, the cdc18 control plasmids showed complementing activity, although expression from the weaker pRep41 plasmid proved to be more effective than expression from pRep3. Even at the permissive temperature (25°C), strains transformed by the pRep3.cdc18 construct grew more slowly than strains carrying the vector alone or those expressing lower levels of Cdc18p from the pRep41 plasmid. Similarly, strains producing high amounts of HsORC1 formed smaller colonies at 25°C compared to those expressing low amounts. These results demonstrate that HsORC1 cannot functionally replace cdc18 in fission yeast, but rather appears to compromise cell growth when expressed at high levels.
To explore the inhibitory effect of HsORC1 overexpression on S. pombe cell growth in greater detail, the pREP3 plasmids described above were modified to yield fusions with the green fluorescent protein (GFP). De-repression of the nmt1 promoter resulted in bright nuclear fluorescence in the GFP-HsORC1 transformant (Fig. 3A) , while nonfused GFP localized to both the cytoplasm and the nucleus (data not shown). Cells expressing GFP-HsORC1 at high levels became progressively elongated and, like cells expressing Cdc18p, showed a time-dependent decrease in septation indicating a block of entry into mitosis (Fig. 3B) . The elongation phenotype of the HsORC1-transformed strains was accompanied by a dramatic increase in nuclear diameter (Fig. 3A) . Flow cytometry revealed that these enlarged nuclei reflected an increase in DNA content (Fig. 3C) that was prevented by the addition of hydroxyurea 
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and did not occur in cells arrested in G 2 by overexpression of the catalytic domain of the human Wee1-like kinase (data not shown). This suggests that the increased DNA content is the consequence of a direct effect of HsORC1 overexpression on chromosomal DNA replication, rather than an indirect consequence of a cell cycle block.
To delineate the region of HsORC1 responsible for re-replication, we overexpressed various deletion mutants in S. pombe. As summarized in Fig. 3D , the N-terminal region between residues 247 and 502 of HsORC1 was required and sufficient for re-replication. Notably, this region does not show any obvious relationship to Cdc18p in primary structure, nor is it capable of rescuing the cdc18 temperature-sensitive allele (Fig. 2  and data not shown) . However, all of the three potential CDK phosphorylation sites of HsORC1 are contained within this region. Surprisingly, the C-terminal region (residues 503-861) conserved among HsORC1 and Cdc18p had no apparent effect on cell division or DNA replication.
Despite the inability of HsORC1 to rescue a temperaturesensitive cdc18 allele, the overexpression phenotypes of Hs-ORC1 and Cdc18p are remarkably similar (10, 11 and Fig. 3C ). While these findings are consistent with the structural analyses indicating that HsORC1 is the human homolog of Orc1p, we have noticed that CDC6, which is generally regarded the cdc18 Human ORC1 in Re-replication Control 32505 homolog of budding yeast, also failed to rescue cdc18-K46. 2 It is therefore possible that this class of proteins provides unique interfaces for interaction with other proteins that are only functional in the context of their cognate organisms. Regardless, from these data it appears likely that perturbation of the re-replication control by overexpression of HsORC1 is not a reflection of its normal replication function in human cells but rather may indicate saturation of an inactivation mechanism common to HsORC1 and Cdc18p.
A number of recent studies has pointed to a role for the Cdc2p kinase as a negative regulator of components of the replication initiation complex in S. pombe. For example, treatments that result in the inactivation of the Cdc2p/Cdc13p complex have been shown to break the normal dependence of DNA replication on mitosis resulting in re-replication (16, 17) . Significantly, a common feature shared by HsORC1 and Cdc6p/ Cdc18p is the presence of multiple consensus phosphorylation sites for CDKs. It is therefore possible that excessive availability of these replication components efficiently competes for Cdc2 activity that normally serves to inactivate endogenous replication complexes and to induce mitosis. Consistently, overexpression of Cdc18p has been found to cause decreased Cdc2p activity along with re-replication. Inhibition of Cdc2p under these circumstances may simply reflect the activation of the DNA replication checkpoint by favoring the unscheduled generation or maintenance of replication structures. Alternatively, inhibition of Cdc2p activity resulting from titration may be the cause rather than the consequence of the re-replication phenomenon.
We therefore tested whether bacterially purified GST-Hs-ORC1 could serve as an in vitro substrate of mammalian CDKs. BHK cells were transfected with various combinations of HAtagged cyclins A or B and with CDK2 or CDC2. Kinase assays performed on anti-HA precipitates from lysates of transfected cells using histone H1 as a substrate showed strong activity of cyclin A/CDK2 and cyclin B/CDC2, while lysates prepared from cells transfected with either cyclin alone showed no activity above background (Fig. 4) . Using the same cyclin/CDK precipitates, we found that, compared to H1, GST-HsORC1 served as a more efficient substrate for cyclin A/CDK2 than cyclin B/CDC2 in vitro.
As to what may be the function of CDKs in regulating replication complexes is unclear. One attractive model predicts that key components of the replication complex become efficiently phosphorylated at low CDK activity during the initiation step, thereby marking the origin as already used. An alternative model suggests that CDK-mediated modification may target replication components for degradation. Immediate support for such a model has been provided recently by the finding that Rum1p-mediated inhibition of Cdc2p coincides with re-replication and the accumulation of Cdc18p by interference with its proteolysis (25) . Similarly, HsORC1 overexpression may cause re-replication by competing for Cdc2p activity which could target Cdc18p for degradation. Interestingly, budding yeast mutants defective in proteolytic pathways have recently been found to re-replicate their DNA (26) . In marked contrast to other re-replication states, these strains maintain high CDK activity, which could indicate that the proteolytic mechanism acts downstream of CDK-dependent inactivation steps. It is therefore also possible that excessive amounts of HsORC1 compete directly for components of the Cdc18p inactivation mechanism independently of CDKs. Current mutagenesis experiments aim at distinguishing between these possibilities.
